Persons with hepatitis C virus (HCV) genotype 1a (GT1a) infections harboring a baseline Q80K polymorphism in nonstructural protein 3 (NS3) have a reduced virologic response to simeprevir in combination with pegylated interferon-alfa and ribavirin. We aimed to develop, validate, and freely disseminate an NS3 clinical sequencing assay to detect the Q80K polymorphism and potentially other HCV NS3 drug resistance mutations. HCV RNA was extracted from frozen plasma using a NucliSENS easyMAG automated nucleic acid extractor, amplified by nested reverse transcription-PCR, and sequenced using Sanger and/or next-generation (MiSeq) methods. Sanger chromatograms were analyzed using in-house software (RECall), and nucleotide mixtures were called automatically. MiSeq reads were iteratively mapped to the H77 reference genome, and consensus NS3 sequences were generated with nucleotides present at >20% called as mixtures. The accuracy, precision, and sensitivity for detecting the Q80K polymorphism were assessed in 70 samples previously sequenced by an external laboratory. A comparison of the sequences generated by the Sanger and MiSeq methods with those determined by an external lab revealed >98.5% nucleotide sequence concordance and zero discordant calls of the Q80K polymorphism. The results were both highly repeatable and reproducible (>99.7% nucleotide concordance and 100% Q80K concordance). The limits of detection (>2 and ϳ5 log 10 IU/ml for the Sanger and MiSeq assays, respectively) are sufficiently low to allow genotyping in nearly all chronically infected treatment-naive persons. No systematic bias in the under-or overamplification of minority variants was observed. Coinfection with other viruses (e.g., HIV and hepatitis B virus [HBV]) did not affect the assay results. The two independent HCV NS3 sequencing assays with the automated analysis procedures described here are useful tools to screen for the Q80K polymorphism and other HCV protease inhibitor drug resistance mutations.
U
ntil recently, the standard of care for treating hepatitis C virus (HCV) infection has been combination antiviral therapy with pegylated interferon-alfa and ribavirin (Peg-IFN/RBV). In 2011, the nonstructural protein 3 (NS3) protease inhibitors (PI) telaprevir and boceprevir, in combination with Peg-IFN/RBV, were the first direct-acting antiviral (DAA) agents approved for treatment of chronic HCV genotype 1 infection (1-3). The success of HCV therapy with DAA, however, is complicated by the incredible genetic diversity of the virus and its capacity to mutate in response to drug selection pressure (4, 5) . Treatment failure is often accompanied by the emergence of resistance mutations in the genes targeted by these drugs (6, 7) . Furthermore, certain drug resistance mutations exist as naturally occurring polymorphisms in a small proportion of treatment-naive patients and can compromise PI treatment in these individuals (8) (9) (10) (11) .
In combination with Peg-IFN/RBV, the second-generation PI simeprevir was approved in Canada in 2013 for the treatment of chronic HCV genotype 1 infection in adults. The simeprevir combination was shown to be superior to Peg-IFN/RBV alone, with a sustained virologic response (SVR) of Ͼ80% being achieved in both the QUEST-1 and QUEST-2 phase III clinical trials (12, 13) . However, the SVR rates for the simeprevir combination were reduced to 58% in patients having HCV genotype 1a (GT1a) infection with the NS3 Q80K polymorphism at baseline; this SVR rate was nonsuperior to that observed in the placebo arm. Overall, 56% of the patients with GT1a infection who did not achieve an SVR in the simeprevir arms had the NS3 Q80K polymorphism at baseline. In subsequent retrospective genotyping studies, it was discovered that approximately 30% of the patients with GT1a infection who enrolled in the phase II and III clinical trials of simeprevir had HCV harboring the Q80K polymorphism at baseline (14) . In addition, a significant geographic bias in the distribution of the Q80K polymorphism was discovered: 48% of patients with HCV GT1a in North America had the Q80K polymorphism at baseline, compared to 19% of patients in Europe. In contrast, only 0.5% of patients with HCV GT1b were infected with viruses carrying the Q80K polymorphism, and no geographical differences were observed. The Q80K polymorphism is stable; viruses carrying the polymorphism are transmissible and are likely descended from a single lineage originating in the United States, in which the Q80K substitution arose around the 1940s (15) .
Owing to the stability and high frequency of this polymorphism in Europe and especially in North America, screening for the Q80K polymorphism is strongly recommended before initiating simeprevir, pegylated interferon, and ribavirin combination therapy in patients with HCV GT1a infection (16) . Here, we present the methods and demonstrate the performance of two independent HCV NS3 Q80K polymorphism assays involving nested-RT-PCR and sequencing of a portion of the NS3 protease region: (i) a Sanger sequencing approach incorporating primary and secondary PCR methods, and (ii) a next-generation sequencing approach involving near-whole-genome amplification and sequencing on an Illumina MiSeq.
MATERIALS AND METHODS
Samples. Janssen Diagnostics BVBA provided frozen plasma samples from 70 treatment-naive HCV genotype 1-infected participants from the QUEST-1 and QUEST-2 phase III clinical trials of simeprevir in order to test sequencing accuracy. The median HCV plasma viral load (pVL) was 6.7 log 10 IU/ml (interquartile range [IQR], 6.1 to 6.9 log 10 IU/ml; range, 4.9 to 7.5 log 10 IU/ml). HCV NS3 was previously sequenced in these samples at the Janssen Diagnostics Laboratory in Beerse, Belgium. The BC Centre for Excellence in HIV/AIDS (BCCfE) laboratory remained blinded to the Janssen sequencing results and sample collection details (study arm and timing) throughout assay development and validation.
In addition, archived frozen (Ϫ70°C) plasma samples from HCV genotype 1-infected participants of the Vancouver Injection Drug Users Study (VIDUS) were screened to identify two sample groups, one having wild-type virus, and one with the Q80K polymorphism. These sample sets were used for inter-and intra-assay precision studies. The HCV pVL was unknown for these samples.
A single HCV-positive GT1a plasma sample with a pVL of 6.6 log 10 IU/ml (SeraCare Life Sciences, Milford, MA, USA) was spiked with HIVpositive plasma and HBV-positive plasma to test potential interference by other viruses. An HCV subtype panel (SeraCare) was used to test crossreactivity across HCV genotypes (pVL range, 3.7 to 4.2 log 10 IU/ml). Finally, in order to investigate analytical specificity, HCV-negative samples were tested: diethyl pyrocarbonate (DEPC)-treated water, pooled normal human plasma, HBV-positive/HCV-negative plasma (SeraCare), and in-house HIV-positive/HCV-negative controls.
Ethical approval was granted by the University of British Columbia Providence Health Care Research Ethics Board (H13-03520).
RNA extraction. HCV viral RNA was extracted from 500 l of frozen plasma using a NucliSENS easyMAG automated nucleic acid extractor (bioMérieux Canada, Saint-Laurent, Quebec, Canada), as per the manufacturer's instructions. Extracted RNA was eluted in 60 l of elution buffer and stored at Ϫ20°C until RT-PCR amplification. When 60 l of extracted RNA was insufficient for the intended experiments, multiple extractions were performed and the eluates pooled before further processing.
One-step RT-PCR. Extracted HCV RNA was amplified using the Qiagen OneStep RT-PCR kit (Qiagen Sciences, Valencia, CA, USA), followed by an in-house second-round nested-PCR protocol. Two independent nested-RT-PCR amplification reactions intended to be primary and secondary (to be used in case of initial assay failure) methods were designed and tested in parallel. Both amplicons were designed to cover the Q80 polymorphism and all the major NS3 protease inhibitor resistance mutations V36A/M, T54A/S, V55A, S122R, R155K/Q, A156S/G, D168A/E/H/ T/V/Y, and V/I170A. As simeprevir is approved only for the treatment of HCV genotype 1 infections and the Q80K polymorphism is mainly limited to HCV GT1a, the assay primers were designed to maximize the amplification success rate of HCV GT1 samples.
The primary ϳ1.4-kb amplicon was generated using the reverse transcription primer NSR1 and two forward first-round PCR primers, NSF1 and 5HCPROT1 (see Table S1 in the supplemental material for PCR  primer The secondary ϳ800-bp amplicon was generated using reverse transcription primer HCV1NS3SR1 and forward first-round PCR primer HCV1NS3SF1. The thermal cycling conditions and reaction mixes were modified slightly from those of the primary method. Briefly, 1.2 l each of 25 M HCV1NS3SR1 and 25 M HCV1NS3SF1 primer were used, and an additional 0.8 l of DEPC-treated water was used to bring the total reaction mixture volume to 40 l. The RT-PCR thermal cycling conditions for the secondary method were 54°C for 30 min, 95°C for 15 min, 10 cycles of 94°C for 30 s, 62°C for 30 s (Ϫ0.5°C/cycle), and 72°C for 45 s, and 30 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 50 s. The secondary PCR method used the second-round nested-PCR forward primer HCV1NS3SF2 and reverse primer HCV1NS3SR2. PCR primers from the primary nested-PCR mix were substituted with 0.12 l each of 25 M primers HCV1NS3SF2 and HCV1NS3SR2 and DEPCtreated water. The thermal cycling conditions for the secondary method were 95°C for 3 min, 10 cycles of 94°C for 15 s, 64°C for 30 s (Ϫ0.5°C/ cycle), and 72°C for 45 s, and 30 cycles of 94°C for 15 s, 58°C for 30 s, and 72°C for 50 s (ϩ3 s/cycle).
Bulk (population) sequencing was performed on the amplified products on an ABI 3730xl DNA analyzer (Life Technologies, Carlsbad, CA, USA). The sequencing primers are listed in Table S2 in the supplemental material. Chromatograms were analyzed by the in-house software RECall (version 2.25) (17). To account for the substantial variation between genotypes, sequence reads were aligned against a set of seven HCV NS3 genotype consensus sequences (1a, 1b, 2a, 2b, 3a, 4, and 6a), with the highest-scoring reference being subsequently chosen for contig assembly. Nucleotide mixtures were called automatically when the secondary peak area was Ͼ20% of the major peak. No human editing of base calls was performed. Software settings allowed single primer coverage except at NS3 codon 80, and short sections of poor-quality sequence in regions not affecting Q80K calls may have been excluded. The final assembled sequences covered 1,200 bp (H77 positions 3420 to 4619) and 564 bp (H77 positions 3420 to 3983) for the primary and secondary assays, respectively.
Illumina MiSeq sample preparation and sequencing. In addition to the NS3 amplicon protocol using Sanger sequencing, a separate assay using next-generation (deep) sequencing of the whole HCV genome was also investigated as an independent comparison. Briefly, a near-fulllength amplicon was generated, according to a previously published protocol (18) , using an oligo(dA) 20 primer for cDNA synthesis. Two nestedPCRs using primers optimized for genotypes 1a and 1b were used to generate an 8,991-bp amplicon spanning the core to partial NS5B proteins. Following second-round PCR amplification, libraries for MiSeq sequencing were prepared using Nextera XT DNA sample preparation kits (Illumina, San Diego, CA, USA), according to the manufacturer's specifications. Amplicons were uniquely tagged using a dual-indexing approach (Nextera XT index kit; Illumina), multiplexed 48-fold, and sequenced using MiSeq version 2 paired-end kits (2 ϫ 250bp).
The resulting reads were processed using an in-house pipeline that incorporated iterative short-read mapping with Bowtie 2 (19) and SAMtools (20) . Briefly, paired-end reads were initially mapped to the H77 reference genome using default settings for local alignment (19) . Mapped reads were collapsed into a sample-specific consensus to which all sequenced reads were subsequently remapped. Consensus building and remapping proceeded in an iterative fashion until Ն95% of the reads mapped or no additional reads could be recovered by additional rounds of remapping. The overlapping portions of paired-end reads were merged, and error correction rules were applied: bases with sequencing quality scores of Ͻ15 were discarded, and conflicting base calls in overlapping reads were resolved by retaining the base with the higher quality score. In order to compare the MiSeq and Sanger sequencing results, consensus sequences for NS3 were generated from the resulting SAM files, with nucleotides with Ͼ20% frequency being called as mixtures to mimic the expected sensitivity of Sanger sequencing. Samples with Ͻ1,000-fold coverage at NS3 codon 80 were excluded from downstream analysis.
Assessment of performance characteristics. Three metrics were used to assess the quality of PCR amplification and sequencing between methods and/or replicates: concordance of nucleotide base calls, concordance of amino acid sequences, and concordance of the presence or absence of the NS3 Q80K polymorphism. Concordance was calculated as the proportion of nucleotide or amino acid agreement observed across all the nucleotide/amino acids sequenced. For the purpose of validation, partial discordances in nucleotide or amino acid calls (when one method observed a mixture while the other method detected only one component thereof, e.g., nucleotides Y versus C) were weighted equally as complete discordances. In analyses involving amplification and sequencing of multiple replicates of a sample for which no gold standard reference sequence was available, a consensus sequence constructed from all available replicates was used as the comparator. Nucleotides appearing in Ն20% of the replicate sequences were included (as mixtures) in the consensus.
Assay accuracy. The sequences obtained from 70 plasma samples were compared to those previously generated by an independent laboratory (Janssen Diagnostics), who performed the testing for the QUEST clinical trials.
Assay precision. Repeatability (intra-assay variability) was tested in three samples: one commercially prepared HCV-positive plasma and two clinically derived samples (one with Q80K/R and one without). Twelve replicates of each sample were PCR amplified and sequenced in a single batch. Reproducibility (interassay variability) was tested in 11 samples from the VIDUS cohort, with four samples with the Q80K/R polymorphism, and seven with wild-type Q80Q. All samples were tested on five different days by two laboratory technicians.
Assay sensitivity. Assay sensitivity, defined as the lowest HCV RNA concentration that could be amplified in a minimum of two-thirds of the samples attempted, was determined using five patient samples from the Janssen Diagnostics sample set. Samples with an HCV pVL between 5.6 and 6.0 log 10 IU/ml were serially diluted (1:10) with pooled normal human plasma to obtain concentrations in the ϳ2-log 10 IU/ml range. HCV RNA was extracted from diluted plasma samples, and six replicates of three samples per method were tested in a single batch.
Assay specificity. Specificity was assessed via three experiments. First, five HCV-negative samples (pooled normal human plasma, HBV-positive/HCV-negative plasma, two in-house HIV-positive/HCV-negative controls, and DEPC-treated water) were extracted, amplified in triplicate, and gel electrophoresis was run on the amplified products. Second, PCR cross-reactivity or interference by other viruses was evaluated in two HCV-positive samples spiked with either HIV-1 or HBV. HCV-positive plasma with a pVL of 6.6 log 10 IU/ml was spiked with a clinically derived HIV-positive plasma sample (pVL, 3.9 log 10 HIV RNA copies/ml; primary method), an HIV laboratory clone (PNL4-3; pVL, approximately 3.9 log 10 HIV RNA copies/ml; secondary method), or HBV-positive plasma (primary and secondary methods). The HBV-and HIV-spiked plasma samples were amplified and sequenced in triplicate in a single batch. Finally, the ability to amplify products from non-GT1 was evaluated using a commercial panel of HCV subtypes (SeraCare). The panel included samples designated genotypes 1a, 1b, 2a/c, 2b, 3a, 4, 4a/c/d, 5a, and 6a/b and one HCV-negative plasma sample. The panel samples were amplified in triplicate in a single batch.
All validation experiments were performed using both the primary and secondary Sanger sequencing methods. Validation of the MiSeq method was limited to the accuracy, reproducibility, and sensitivity experiments.
RESULTS
In this study, we developed and characterized two HCV NS3 sequencing assays intended to screen for the Q80K polymorphism prior to the initiation of simeprevir-containing therapy. The Sanger sequencing assay makes use of two independent PCR amplifications: a primary method that produces a 1,200-bp sequence, and a secondary method that produces a 564-bp sequence to be used as a backup in the event that amplification with the primary primers fails. For the purpose of this validation, primary and secondary methods were considered independent tests, and all validation experiments were performed using both methods. In addition, we developed an independent next-generation sequencing assay involving near-full-genome amplification of HCV genotype 1, followed by Nextera XT library preparation (Illumina).
Assay accuracy. (i) Concordance of Sanger sequences with external laboratory results. Janssen Diagnostics provided 70 frozen plasma samples from treatment-naive HCV GT1-infected participants of the simeprevir licensing trials (86% GT1a and 14% GT1b). The samples had a median pVL of 6.7 log 10 IU/ml (IQR, 6.1 to 6.9 log 10 IU/ml). Nucleotide sequences determined by Janssen (either a 2,055-bp sequence covering the entire NS3 and NS4a genes, or a 543-bp fragment covering the first 181 codons of NS3) served as the comparator. According to the Janssen assay, 30 of 70 (42.9%) samples contained the Q80K polymorphism alone or as part of a mixture. Using the primary and secondary methods described here, all 30 Q80K polymorphisms were identified in HCV GT1a samples.
Amplification and sequencing by the primary 1,200-bp assay was successful in 66 (94.3%) samples. Compared to the Janssen sequences, we observed 98.8%, 99.6%, and 100% overall concordance in nucleotide sequences, amino acid sequences, and Q80K calls, respectively (see Fig. S1A in the supplemental material). When sequences were compared individually, a median 99.3% (IQR, 98.2 to 99.8%) nucleotide concordance was observed between sequence pairs. The vast majority of discrepancies (97.8% of nucleotide and 98.9% of amino acid differences) were due to differences in mixture calls (Fig. 1) , with the BCCfE primary method calling a marginally higher number of mixed bases overall; a total of 1.5% and 1.3% of all bases were called as mixtures by the BCCfE primary and Janssen methods, respectively. Despite the small difference in the number of mixed bases called, we observed no systematic bias toward over-or undercalling mixtures by either the BCCfE primary or Janssen assay (Fig. 2) .
In total, 68 (97.1%) samples were successfully amplified and sequenced using the BCCfE secondary method. Compared to the sequences provided by Janssen, we observed 98.8%, 99.5%, and 100% concordance in nucleotide sequences, amino acid sequences, and Q80K calls, respectively (see Fig. S1B in the supplemental material). The median nucleotide concordance between sequence pairs was 99.1% (IQR, 97.8 to 100%). As in the primary assay, almost all sequence discrepancies were due to differences in mixture calls (98.5% of nucleotide and 100% of amino acid differences) (Fig. 1) . In one sample, the BCCfE secondary method identified a Q80Q/K mixture, whereas the Janssen method observed a Q80K polymorphism; however, this partial amino acid difference would have no impact on a resistance interpretation, as both methods identified the Q80K polymorphism.
For completeness, the sequencing results from the primary and secondary amplification methods were compared to each other. In total, 64 (91.4%) samples gave results by both methods. Overall, we observed 99.0%, 99.7%, and 100% concordance in nucleotide sequences, amino acid sequences, and Q80K calls, respectively (data not shown). As the two Sanger sequencing methods are intended to serve as primary and secondary (backup) methods in a single resistance testing protocol, it should be noted that all 70 samples were successfully sequenced by at least one of the two methods.
(ii) MiSeq results. Near-full-genome HCV was amplified from frozen plasma samples provided by Janssen Diagnostics. After excluding samples with Ͻ1,000-fold coverage at NS3 codon 80 following demultiplexing, quality control, and iterative mapping, consensus NS3 sequences were successfully obtained for 67 (96%) samples. The median coverage at codon 80 was 8,800 reads/sample (IQR, 6,500 to 11,000 reads/sample) and was fairly consistent across the length of NS3. While not the subject of the current study, it should be noted that sequencing coverage across the entire HCV genome was consistently high, with the exception of the core protein and a portion at the N terminus of E2 (see Fig. S2 in the supplemental material). When assembled consensus NS3 sequences were compared to Sanger sequences obtained by Janssen, 98.8%, 99.6%, and 100% overall concordance in nucleotides, amino acids, and Q80K calls, respectively, were observed (see Fig.  S1C in the supplemental material). The median pairwise nucleotide concordance was 99.3% (IQR, 98.1 to 99.8%) between the Janssen Sanger and BCCfE MiSeq consensus sequences, with 91.7% of the observed nucleotide differences being the result of differences in mixture calls between methods (Fig. 1) . When lowerfrequency variants were examined, the MiSeq method did not detect any additional samples with minority variants harboring the Q80K polymorphism with frequencies between 2 and 20%; however, a Q80R resistance variant was observed in a single sample at a prevalence of 3.3%, although the clinical significance of such a low-frequency variant is not known.
Assay precision. (i) Repeatability of PCR and sequencing. The ability to produce repeatable results across multiple tests was examined by performing replicate testing of three representative samples per method in a single run. Twelve replicate reverse transcription, PCR amplification, and sequencing reactions were performed for each sample, starting from a single pool of extracted RNA. Intra-assay variability was extremely small, with Ͼ99.8% mean concordance observed between replicates compared to a per-sample consensus (Table 1) . Only one replicate of a single sample failed to produce a sequence.
(ii) Reproducibility of PCR and sequencing. Assay reproducibility was assessed using a panel of 11 clinically derived plasma samples for the primary method (four samples with the Q80K polymorphism and seven with wild-type Q80) and 10 plasma samples for the secondary assay (four samples with the Q80K polymorphism and six wild type). All samples were tested on five different days by two laboratory technicians. An extremely low level of interassay variability was observed across all sequenced bases in NS3; Ͼ99.7% concordance was observed between replicates in all samples tested (Table 2) . No difference in Q80K inter- quencing assays developed by BCCfE and results obtained by Janssen Diagnostics. Three versions of the BCCfE assay were investigated: a primary Sanger sequencing method, which produces a 1,200-bp sequence; a secondary Sanger sequencing method, which produces a 564-bp sequence; and a next-generation sequencing assay using the Illumina MiSeq. Sequences obtained by BCCfE methods were compared to the Sanger sequences obtained by Janssen. All assays achieved Ն98.8% concordance in nucleotide base calls. Nearly all discordant base calls (Ͼ97.5% for Sanger and 91.7% for MiSeq) were due to differences in mixture calling between laboratories (blue bars), rather than completely incompatible base calls (orange bars). All instances of the Q80K polymorphism (n ϭ 30) detected by the Janssen method were also detected by all three BCCfE methods. pretations were observed between replicates. All five replicates were successfully sequenced in 20 (95.2%) tested samples. The remaining sample was successfully sequenced in only 2 of 5 attempts using the 1,200-bp primary method; however, identical nucleotide sequences were obtained in each replicate.
Reproducibility of the MiSeq sequencing assay was assessed in a similar manner. RT-PCR and Nextera XT library preparation were attempted on 14 samples on five consecutive days. Successfully amplified libraries were sequenced on two separate MiSeq runs. Two samples failed the full-genome MiSeq assay and were excluded from the analysis of reproducibility. One sample failed to amplify in all five replicates. A PCR product was obtained for the second sample in 4 of 5 replicates; however, after sequencing and assembly, Ͻ1,000-fold coverage was obtained in the region surrounding NS3 codon 80 in all replicates. In the remaining 12 samples, no substantial differences were observed in the frequency of the Q80K polymorphism in all recovered reads across the replicates (Fig. 3) . Although coverage of Ͻ1,000 reads at NS3 codon 80 was obtained in one replicate of a single sample, no effect on the detection of the Q80K polymorphism was observed.
Assay sensitivity and determination of the assay limit of detection. The lower limit of detection was determined using serial dilutions (1:10) of five plasma samples (pVL range, 5.6 to 6.0 log 10 IU/ml). Three samples were tested for each Sanger sequencing method, with six replicates performed at each pVL dilution. The lower limit of detection was defined in two ways: (i) PCR amplification success rate among replicates, and (ii) nucleotide sequence concordance between sequences obtained in the fullstrength sample and the most dilute sample for which sequencing was successful. For simplicity, one replicate sequence from the highest and lowest concentration for each sample was selected at random for this comparison.
Using the primary Sanger method, there was 100% and 94% success in amplification and sequencing in samples with Ͼ5.0 and 4 to 5 log 10 IU/ml, respectively ( Table 3 ). The amplification and sequencing success rate was Ͻ45% in samples with a pVL of 3 to 4 log 10 IU/ml; however, four of six samples with a pVL of 7,280 IU/ml were successfully amplified, suggesting a limit of detection on the order of 3.9 log 10 IU/ml. Nucleotide concordance rates of 98.3 to 99.8% were observed when sequences from the lowest and 12/12 (100) 100 Ϯ 0 K/R 100 a The primary method is a 1,200-bp fragment spanning codons 1 to 400 of HCV NS3. The 564-bp secondary method is intended for use in the event of primary assay failure. b High concordance (precision) in nucleotide base calls was observed when individual sequences were compared to a per-sample consensus.
TABLE 2
Assay reproducibility was assessed using a panel of plasma samples, which were tested on five separate days by two laboratory technicians a High concordance (precision) was observed when individual sequences were compared to a per-sample consensus.
highest concentrations were compared. No differences were observed at NS3 Q80 in any samples. For the secondary Sanger method, 100% success in amplification and sequencing was observed in samples with Ͼ3.0 log 10 IU/ml (Table 3). In samples with a pVL of 2 to 3 log 10 IU/ml, the amplification and sequencing success rate was an acceptable 67%, suggesting a limit of detection of approximately 2.0 log 10 IU/ml or possibly lower. Nucleotide concordance rates of 98.6 to 99.1% were observed when se- quences from the lowest and highest concentrations were compared. No differences were observed at NS3 Q80 between concentrations.
Assay specificity. (i) No PCR amplification of HCV-negative samples. Five HCV-negative samples were tested to demonstrate that no off-target amplicons would be generated. Samples were tested in triplicate, and the results were visualized on a 1% agarose gel. As expected, no bands were observed for the negative sample sets for either the Sanger or MiSeq assay (data not shown).
(ii) No interference by potential coinfecting viruses. HCVpositive plasma was spiked with a clinically derived HIV-1 plasma sample, an HIV-1 molecular clone, or a clinically derived HBVpositive plasma sample and subsequently processed in triplicate by the two Sanger sequencing methods. As expected, nucleotide sequences and NS3 Q80 calls were nearly identical (Ͼ99.9% concordance) between HIV/HBV-spiked and unspiked samples, suggesting no interference by potential coinfecting viruses. Similarly, amplification and sequencing of HCV NS3 were not affected by spiked-in HIV or HBV in the MiSeq assay (data not shown).
(iii) Lack of cross-reactivity with other HCV genotypes. The ability to amplify products from non-GT1 HCV was evaluated using a commercial panel of nine plasma samples containing HCV of various genotypes: 1a, 1b, 2a/c, 2b, 3a, 4, 4a/c/d, 5a, and 6a/b. Panel samples were amplified in triplicate by both Sanger sequencing methods, and the resulting PCR amplicons were visualized on a 1% agarose gel. All replicates of HCV genotype 1a and 1b samples were successfully amplified by both methods; however, non-genotype 1 HCV samples could not be amplified by either method (data not shown).
DISCUSSION
We have developed and characterized the performance of two independent HCV genotype 1 sequencing assays for the detection of the NS3 Q80K polymorphism, which can partially compromise the efficacy of simeprevir in combination with pegylated interferon and ribavirin. Previous studies have examined the prevalence of the Q80K polymorphism in treatment-naive and treatment-experienced populations and have demonstrated a substantial disparity in the prevalence of the Q80K polymorphism in GT1-infected populations in North America versus Europe (11, 14, (21) (22) (23) (24) . We have demonstrated that both Sanger sequencing of a 1,200-bp and/or 564-bp fragment of NS3 and next-generation sequencing (MiSeq) of a near-full-genome product can be used to accurately screen for the NS3 Q80K polymorphism. The repeatability and reproducibility of all assays were extremely high, with Ͼ99.7% nucleotide concordance observed in all replicate tests. While a subset of samples was effectively clonal across the region sequenced, most samples exhibited a substantial amount of variability, as measured by the number of nucleotide mixtures called. The high level of inter-and intra-assay concordance between replicates was therefore not due to a lack of variation within the samples tested.
Our sensitivity experiments determined that the lower limit of detection is sufficiently low to allow testing in chronically HCVinfected treatment-naive patients. Samples with a pVL of Ͼ3.9 log 10 IU/ml were amplified in at least two-thirds of replicates using the primary Sanger method and were sequenced with repeatable results. The secondary method appears to be capable of amplifying samples with a pVL of Ͼ2.0 log 10 IU/ml, enabling it to be useful as a backup or rescue assay. The lower pVL limit of the MiSeq assay was considerably higher (ϳ5 log 10 IU/ml), consistent with the requirement to amplify a Ͼ9-kb fragment (data not shown). Nevertheless, the lower pVL limit of either assay is below the expected viral load range of most patients being considered for simeprevir therapy (12, 13) . Note that a nested-PCR strategy was chosen in order to maximize the future utility of this assay as a resistance test in DAA-treated patients in all stages of treatment, including those with very low viral copy numbers. Finally, none of the assays appear to be affected by potential coinfecting viruses (HIV or HBV).
The Sanger sequencing methods are presently in clinical use at the BC Centre for Excellence in HIV/AIDS and have been made available to interested laboratories worldwide. The RECall analysis software is freely available as a Web application (http://pssm .cfenet.ubc.ca/).
Other HCV NS3 Q80K screening assays are available as laboratory services via commercial vendors in the United States (e.g., LabCorp and Quest Diagnostics); however, limited details about a PCR amplification success rates suggest that the lower limit of detection (LLOD) is Ͼ3.9 log 10 IU/ml for the primary assay and Ͼ2.0 log 10 IU/ml for the secondary assay.
assay methods and performance metrics are currently available. Like the methods presented here, these commercially available tests are validated for HCV genotype 1 only. To our knowledge, this study represents the first detailed description of the clinical validation of an HCV NS3 sequencing assay to be used for Q80K screening. It should also be noted that the methods presented here could potentially be used to screen for all major NS3 protease inhibitor resistance mutations known to date, although additional validation studies would be required. While these methods have produced consistent and accurate results, they are not without limitations. As simeprevir is licensed only for the treatment of HCV genotype 1 infection in Canada, and the Q80K polymorphism is typically only observed in HCV GT1a, the procedures outlined in this study have been optimized for HCV genotype 1. Increased amplification and sequencing failure rates may be observed for other HCV genotypes (GT2 to 7) as a consequence of assay design. In fact, both Sanger sequencing methods failed to amplify HCV NS3 when tested against a panel of non-genotype 1 samples. It should be noted, however, that the samples in the genotype panel were diluted by the manufacturer to viral loads in the 3-to 4-log 10 IU/ml range. While this is above the limit of detection of the secondary 564-bp method when used for GT1, the performance characteristics may be such that a higher pVL is required to successfully amplify non-GT1 samples. For example, the BCCfE laboratory has subsequently used these protocols to successfully amplify and sequence NS3 from high-pVL HCV GT3 samples previously misclassified as GT1 by line probe assay (LiPA) (data not shown). If necessary, these procedures could potentially be validated for use in other HCV genotypes; however, this is beyond the scope of the study presented here.
Finally, the RT-PCR process is dependent upon an adequate recovery of viral RNA during extraction and upon proper binding of the primers during amplification. Minority HCV populations carrying the Q80K polymorphism may be missed by either population sequencing method, as traditional Sanger sequencing can only detect minority variants (nucleotide mixtures) that exist in a minimum of ϳ20% of the population. The MiSeq assay could potentially be used in cases in which the detection of minority resistance variants is important, although the performance of the assay in that context has not fully been evaluated. However, given the absence of minority variants carrying the Q80K polymorphism detected in this and previous studies (23, 24) and that the population prevalence of Q80K is likely due to a founder effect rather than active selection (15) , deep sequencing specifically for the NS3 Q80K polymorphism may be unnecessary.
In summary, we have developed two independent assays on two sequencing platforms to screen for the HCV NS3 Q80K polymorphism. We have demonstrated excellent accuracy, repeatability, reproducibility, and sensitivity of these tests for detecting the Q80K polymorphism in samples with a pVL at or below levels expected in patients initiating simeprevir-containing regimens; in all samples in which the Q80K polymorphism was detected by an external assay, this polymorphism was detected by all three methods described here, with no false-positive results. Since these methods cover the amplification of a sufficiently large fragment of HCV NS3, the potential exists for either of these assays to be used in drug resistance testing for all currently approved NS3 protease inhibitors.
